The aim of this study was to investigate the usefulness of new software Pixel Flux (PXFX) for clinical evaluation of tissue perfusion in the field of reproduction in dogs. The experiment was performed on six adult Beagle dogs. Different organs and tissues of the animals were examined with the MyLab25 Gold ultrasound system. Blood flow in the ovary, testicle, prostate, the ramification of the penile artery, and the network of blood vessels of the pampiniform plexus were examined with the use of colour coded Doppler technique, and obtained data was evaluated with the PXFX software. The more objective digital evaluation of data obtained with colour Doppler sonography through the application of dynamic tissue perfusion measurements provides new opportunities for diagnosis, as well as continuous monitoring of the function of the examined tissues and organs. The use of PXFX software is strongly indicated as a tool in small animal practice as an additional method for evaluation of tissue perfusion, especially in the cases when other methods like pulsed wave Doppler techniques are difficult to be performed.
Introduction
Analysis of blood flow with the Doppler technique is a useful method for evaluation of the physiological, as well as pathological condition of various tissues. Doppler techniques have been used in veterinary practice for many years, however, mostly the pulsed Doppler technique was applied (1, 4, 7, 13, 19-21, 23, 24, 39-41) . Traditional methods allow for measurements of many important parameters, like peak systolic velocity (PSV), end-diastolic velocity (EDV), resistive index (RI), pulsatility index (PI), and the timeaveraged maximum velocity (TAMA), which enable to describe and compare the blood flow into the particular organs. In many cases, because of the small size of the vessel, this kind of evaluation of tissue perfusion is not possible. In these cases the colour Doppler technique is recommended, which is based on assessment of the intensity of blood flow. Then, this intensity is analysed on the basis of brightness of colours, which reflect blood flow velocity. The colouring differs according to the velocity and direction of flow. Unfortunately, the analysis of the results obtained with this technique is difficult because it is subjective and gives no opportunity to evaluate reproducible, numerical values. Moreover, it cannot be evaluated with the statistic model.
New software Pixel Flux ® (PXFX) is the first device which seems to eliminate the inconvenience of the aforementioned limitations of the colour Doppler technique. There are some examples describing the use of PXFX in veterinary literature, however, they focus on large farm animals, and there is a lack of publications dedicated to small animals (15) .
In this article, a principle of this new simple and accurate method for the evaluation of the perfusion of tissues in chosen organs in dogs is described.
Material and Methods
Location and animals. The study was conducted in the Department of Reproduction and in the Department of Surgery of the Faculty of Veterinary Medicine in Wroclaw University of Environmental and Life Sciences.
In six Beagle dogs, each three years old (two males and four females) blood flow was measured in the ramification of the penile artery, ovary, prostate, and network of blood vessels of the pampiniform plexus located in spermatic cord. All animals used in experiment belonged to the local Experimental Kennel. The study was approved by the Local Ethical Committee in Wrocław.
Equipment and procedures of examination. For ultrasonographic examinations of the animals, the MyLab25 Gold (Esaote, Italy) ultrasound system equipped with 12 MHz-micro convex probe and 12 MHz-linear probe was used. The dogs were examined in lateral recumbence and coupling gel was applied before examination. All dogs examined were familiar with these procedures, including prolonged examinations. In all cases sedative drugs were not used.
Software. Pixel Flux is a novel software, specifically designed for the dynamic measurement of tissue and organ perfusion analysis via colour Doppler ultrasound videos (34, 37) .
The indispensable precondition for comparable results in perfusion measurements is the use of strictly standardised imaging planes, region of interest (ROI) and ultrasound machine presetting. Otherwise, no conclusions can be drawn from perfusion calculations. It is of utmost importance to define these conditions beforehand, to select the appropriate transsection of an organ or tissue, to take care of certain anatomical markers, which unanimously define the position of the organ with respect to the transducer, and to choose ROI with respect to the specific needs of the examination. Such standards cannot be overemphasised. Important parameters of the machine preset are transducer type, B-mode and colour Doppler frequencies, gain, filters, persistence, smoothing, edge, time or spatial resolution preferences, type of colour scale, imaging rate per second. At least one complete heart cycle must be captured within a video with a high number of images per second. PRF (pulse repetition frequency) and image scale can be changed, and are taken into account by the PXFX software.
The principle of the Pixel Flux-software is that each coloured pixel inside ROI is evaluated twice: its velocity value is decoded after comparison with the colour scale of the video, and its area is measured.
Mean values of all velocity values and the coloured area inside the ROI are calculated for each single image of the entire video. Mean velocity and perfused area are multiplied and divided by the area of the entire ROI:
I (cm/s) = v (cm/s) x A (cm²)/A ROI (cm²); I -mean flow intensity inside a ROI; V -mean flow velocity of all coloured pixels inside the ROI; A -area of all coloured pixels inside the ROI; A ROI -area of the entire ROI. Thus, it is calculated within the present single image. These calculations are repeated automatically for all images of the video. The Pixel Fluxsoftware then automatically recognises the beginning and end of complete heart cycles and takes into account complete heart cycles only. Thus, all measurements mirror the change of the basic Doppler parameters throughout complete heart actions. By referring all perfusion data to the entire ROI, encompassing also the non-perfused area, a much more realistic description of the tissue perfusion can be achieved than by single vessel investigation with the pulsed Doppler technique.
Over 40 useful parameters can be derived from the basic parameters V and A, most important of which is the I. All parameters are given separately, as well as combined for blue and red pixels. Among the frequently used parameters are the tissue resistance index (TRI) and tissue pulsatility index (TPI). These overcome the limitations of classic RI and PI, which refer to single vessel interrogations, and can be frequently misleading due to the fact, that in classical pulsed Doppler measurements only those vessels are subject to investigation, which are still coloured and thus visible. In vascular damage, a tissue is rarely perfused and vessels may be obliterated or only minimally perfused. Thus, they are missed in PWinterrogations, and a falsely positive impression of the overall tissue perfusion results. By referring to all vessels in the ROI and by taking into account the nonperfused vessel-free areas of the image, the novel TRI and TPI deliver a more realistic measure of the tissue perfusion. The Pixel Flux software also offers features for three-dimensional perfusion quantification with automatic simultaneous correction of all vessels' individual Doppler angles. Therefore, not only perfusion intensities, but also true flow volumes within a tissue can be measured.
Another useful feature is the overlay of the ROI with intensity false-colour maps based onto all local perfusion values of the entire video within a stationary map. Malperfused areas are visible at a first glance. Even more important is the numerical description of the vessel architecture within the ROI. Vessels are classified according to their perfusion intensity and the distribution of these vessel classes is diagrammatically displayed. Quartiles, mean, median, skewness and kurtosis are displayed as measures of the distribution curve, and transferred to the picture archiving and communication system (PACS). This distribution offers meaningful insight into the actual state of the tissue's microvasculature. Chronic and acute affections of the microvessels become numerically evaluable.
The data is sent to an incorporated PACS, which is the platform for image and measurement comparison and review, and which can allow for export of single patient data and interindividual comparisons. All data is displayed in a variety of graphs and time-lines, and can be exported to spread-sheet and statistical software for rapid scientific evaluation. Figs 1 and 2 present a graphical analysis of blood flow in the examined organ (prostate). Stepwise image analysis with the PixelFluxtechnique: A video file (preferably DICOM format but avi-format works as well) is opened and the colour bar is read out and calibrated semi-automatically. Distances are also calibrated automatically (DICOM feature) and the ROI is defined according to the specific investigation by freehand, or by a predefined method, and thus is reproducible. Here, parallelograms with arbitrarily selectable and definable layers, or concentric circular, or freehand ROIs are offered. The measurement is carried out within a few seconds and can be automatised for a stack of video files for even faster and more convenient workflow (34, 35) .
Results
In all animals, all organs and tissues planned for the evaluation were successfully examined. Images obtained by Colour Doppler projection, presenting the perfusion of the examined tissues, were digitally evaluated with the use of Pixel Flux software. The results are shown as separate charts presenting velocity or intensity of the blood flow (Figs 1 and 2) , as images showing the perfusion of the particular tissues, and as charts presenting digital evaluation of the perfusion of tissue integrated with the original images (Figs 3-11 ).
Discussion
In human medicine, the Pixel Flux software is used in many medical specialties, including endocrinology, gastroenterology, gynaecology, hepatology, nephrology, neurology, oncology, paediatrics sonography, transplantation medicine, and urology (2, 8, 25, 28-33, 35-37, 42) . In veterinary medicine till now, all available reports described the colour coded Doppler sonography, which takes into account the qualitative dynamic tissue perfusion measurements in farm animals (15) .
In bitches, because of small size of the ovaries, it is difficult to examine them, and in some cases they cannot even be visualised. This fact makes the correct analysis of ovary perfusion very difficult with the use of traditional methods. On the other hand, the information obtained by the evaluation of changes in ovary perfusion could provide useful data about its actual functionality and activity. The importance of this kind of examination was previously suggested by authors examining the ovaries of mares and cows. Herzog et al. (13) even stated that "luteal blood flow is a more appropriate indicator for luteal function during the bovine oestrous cycle than luteal size". Miyamoto et al. (17) also concluded that the blood flow is a key regulatory component of the corpus luteum function. However, there is a couple of studies presenting blood flow in the bitches` ovaries, most of them focused on the intraovarian vessels, and not demonstrating the perfusion of the parenchyma in a quantitative manner (3, 14) . The usefulness of this kind of analysis could be suspected, while there were some attempts for objective quantitative evaluation of the results obtained with the use of colour coded technique. In the report of Polisca et al. (22) , the total number of colour pixels was calculated by a computer-assisted image analysis system using open source software ImageJ (Mac OS X, USA). This attempt at creating an objective evaluation method for the colour coded examination results confirms the need for a tool for that kind of digital analysis.
In our study, the ovaries of bitches were detected behind the caudal pole of the ipsilateral kidney. Fig. 3 presents the ovary perfusion obtained with the colour Doppler technique, showing a complex array of tiny vessels. Figure 4 presents the analysis of this view with the use of PXFX software.
The changes in blood flow in the vessels leading blood into the corpora cavernosa was described as one of the possible parameters which could be examined in the context of evaluation of the sexual arousal in male dogs. These changes occur as a consequence of natural semiochemical signals (sex pheromones) (9) . The influence of the semiochemical signals (pheromones) on the erection in males has been also described in other species (26, 27) . In our previous study, it was proven that blood flow in this small vessel changes due to pheromonal stimuli. However, the results of this evaluation could only be presented as a view of the vessel itself (filled-in to different degrees by blood, which could be seen via colour Doppler projection), but without the possibility of digital (objective) evaluation of the obtained results (9) . With the use of Pixel Flux software, a detailed, quantitative analysis of the changes in the blood flow in this structure was possible (Fig. 5) .
The usefulness of the Doppler sonography for the examination of canine testes is described in several reports (5, 11, 12) . However, Pozor and McDonnell (23) , who examined stallions` testes with the pulsedwave gray-scale Doppler ultrasonography, found this method very helpful, despite much bigger size of the testes. The same authors concluded that even in stallions this method has its limitations, and explained that "identification of small vessels is difficult and evaluation of overall vascularisation of the parenchyma of stallion testis is usually not possible with this technology" (24) . The mentioned authors also suggested that in some cases, the evaluation of perfusion of some vessels and/or organs is easier or just possible only with the use of the colour Doppler method. Figure 6 presents the perfusion of a healthy canine testicle. Nevertheless, the evaluation of the blood flow in canine testes was previously described, and the visualisation of the main bigger vessels usually does not cause trouble, in some cases the evaluation of the blood flow in the main vessel leading the blood into the entire organ is not sufficient. In the presence of pathological structures (e.g. tumour) located within the organ, the evaluation of perfusion of some fragments of parenchyma, or comparing perfusion of two chosen areas could bring additional important information. In these cases also the presence of data useful for objective digital evaluation could be indicated and helpful in the process of monitoring of, for example, the results of the some pharmacological treatment, especially since therapies involving impaired blood supply to tumour, and methods dedicated to tumor oxygenation are increasingly being used in medicine (6, 10) . Figure 7 presents the perfusion of the dogs` testicular tissue with a tumour. Using the ROI, the analysis of the perfusion of different tissues -healthy and stricken by pathological condition can be evaluated and compared. It is worth mentioning that the unique function available in the Pixel Flux software also allows for simultaneous analysis of perfusion of two regions of the same organ. In these cases, two separate regions of interest could be fixed on the view of the examined structure, and blood flow could be calculated in these two regions at the same time (Fig. 8) . This function could be also very useful for evaluation of perfusion of lymph nodes, especially during such pathological conditions as lymphoma, when the changes in blood flow within the core and cortical areas are present (17) . This function could also be used for blood flow evaluation in the wall of the rural organs, such as the uterus or urethra (42) .
The structure involved in proper functioning of male reproductive organs is the pampiniform plexus located in the spermatic cord. One of its roles is temperature regulation of the testes. In human, an abnormal enlargement of the pampiniform plexus is a medical condition called variocele. However, spontaneus variocele has not been diagnosed in dogs, while a secondary varicocele formation has been reported as a metastatis of Sertoli cell tumours (16) . The pampiniform plexus contains a network of many small vessels, which makes the evaluation of the blood flow within this structure very difficult. The possibility of evaluation of the blood flow in the whole structure with the use of colour-coded sonography and not only in particular, short vessels (pulsed wave Doppler method) seems to be the optimal solution, which eliminates at the same time the potential problem of identifying the same vessel in a subsequent examination. Figure 9 presents the perfusion of a dog's pampiniform plexus. Placing the net ROI (region of interest) over the vessels` allows for the examination of the whole area and evaluation of total perfusion observed in this region (Fig. 10) . Another organ connected with the reproductive system of the males, which could be successfully examined with the use of colour coded Doppler sonography is the prostate. The size of that gland in dogs varies from 2 to 5 cm of diameter. The evaluation of blood flow in this organ can be challenging. Figure  11 presents the perfusion of one lobe of a pathologically changed prostate and its digital analysis.
In conclusion, it was demonstrated that the Pixel Flux software is a useful and modern tool dedicated to the quantification of the blood flow in tissues and entire organs. The results obtained surpass those from traditional pulsed Doppler technique investigations.
One of the most important limitations of colourDoppler sonographic perfusion evaluation is its subjectivity. With the use of PXFX software, an objective digital evaluation and numerical description of a variety of tissue perfusion parameters, most importantly perfusion intensity, is now at hand. This also allows for a statistical evaluation of the obtained data. In our opinion, the use of this software in small animal veterinary practice is especially useful for examination of small parenchymal organs like the ovaries, lymph nodes, testes, and prostate. Other useful applications include vascular networks, such as the pampiniform plexus, perfusion of the walls of hollow organs, and perfusion measurements, as well as comparisons of different ROIs within the same organ (e.g. monitoring the perfusion of the tumours).
